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Introduction  
Cocoa (Theobroma cacao L.) production plays a key role in the economics of Indonesia. Indonesia is 
the largest cocoa producer in Asia with a contribution of about 5% to global volumes in the 2017/2018 
production season (The International Cocoa Organization (ICCO), 2018). Growing cocoa is one of the 
important drivers for deforestation in Indonesia. In 2012, Indonesia experienced a deforestation area 
of about 840,000 hectares, which accounts for some 37% of national greenhouse gas (GHG) emissions 
and witnessed a sharp increase in natural vegetation loss at a rate of about 1,021 km2 year-1 (Margono, 
2014). In addition to the GHG emissions from deforestation, management practices such as 
application of inorganic fertilizers and residue management also contributes to GHG emission 
(Swisscontact, 2016).  
The recent studies by Bunn et al. (unpublished) and Schroth et al. (2015) warned that climate changes, 
i.e., rising temperatures and more erratic rainfall are projected to happen by 2050. As a consequence, 
climatic suitability for most of cocoa production area in Indonesia will be reduced and thus pro-active 
activities are necessary to ensure the cocoa production sustainability (Bunn et al., unpublished).  
In the context of a changing climate, buffering the growing condition for cocoa trees by intercropping 
with shade trees help improve or maintain a good cocoa yield as shown in studies by Assiri and Koko 
(2009) and Osei-Bonsu et al. (2002) when fruit trees were used as a multi-functional shade tree. Shade 
trees protect cocoa trees from adverse effects of droughts, intensive radiation, rainfall (especially 
during flowering stage) thanks to their interception capability of light and rain drops and thus moisture 
retention. At the same time, shade trees in those systems sequester carbon via photosynthesis, 
contributing to counter-balance the GHG emissions produced by cocoa cultivation through 
management practices and land use change. Attempts to develop a sustainable cocoa production in 
the face of climate change should include engagement of farmers in reducing greenhouse gas 
emissions as well as preserving carbon stocks in the forest and on farms. Fortunately, cacao is a crop 
for which climate-friendly production practices are also compatible with yield increase (Schroth et al. 
2014). Furthermore, mitigation of GHG emissions through more efficient use of inputs can also result 
in operational cost savings for farmers. 
The carbon assessment work was done to evaluate environmental impacts of cocoa as a commodity 
through estimation of carbon stock and carbon footprint, GHG emissions during the cultivation of 
cocoa in different cropping systems. By comparing trade-offs between global warming potential and 
productivity of different typologies, recommendations on opportunities to improve systems and 
practices can also be made.  
Lampung, according to Roshetko and Purnomosidhi (2013), is characterized by a tropical-humid 
climate with a dry season (<1000 mm month-1, from June to October) and a rainy season (> 2000 mm 
month-1, from November to April). The elevation of the region is average with highest peak of 2200 
m.a.s.l. Average temperature is 28°C with a minor primarily elevation-driven fluctuation. The soils in 
the region are classified as “yellowish red podsolic” with low pH and low major nutrient content (Van 
der Heide et al., 1992 in Roshetko and Purnomosidhi, 2013). About 90% of about 200 surveyed 
households by another CIAT team in the same period with this study cultivate local cocoa varieties 
and the rest cultivate either improved varieties, mainly Sulawesi 1 and 2 or a mixture of local and 
improved varieties. It was seen that all observed cocoa farms were of intercropping system of cocoa 
with shade trees.  
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Methodology  
 
 
 
 
 
 
 
 
 
 
Figure 1. The study site with 49 surveyed farms 
The study was conducted in three districts of Pringsewu, Pesawaran and Tanggamus of Lampung 
province, South Sumatra, Indonesia. Field work was carried out in three weeks during late April to 
early May, 2017. The work comprised of two components: input data for carbon footprint estimation 
was collected via a semi-structured questionnaire while a tree inventory was used to gather data for 
carbon stock quantification. The households used in this study was selected from the list of 196 
households of the cost and benefit analysis household survey carried out by another CIAT team. One 
out of several cocoa plots of each chosen households was picked for the field survey. The criteria for 
the household and plot selection included number of cocoa plots each households had, location of the 
plots (for the former), cocoa tree count (density uniformity) and diversity of shade tree species (for 
the latter). The household member who knew the best about the family’s coffee management 
practices was chosen to be interviewed for the input data employed by Cool Farm Tool (CFT). In total 
49 farms were surveyed with GPS locations shown in Figure 1. From 49 surveyed farms, 42 were 
selected for the analysis after data cleaning. 
Carbon stock methodology 
In this study, above-ground carbon stock were quantified via tree inventory. The tree inventory was 
conducted based on the methodology by Rügnitz et al. (2009) where a sample plot of 50m × 20m was 
selected. Cocoa tree density and pruning patterns, shade tree density and species component, and 
tree health were taken into consideration when siting a sample plot to ensure as much 
representativeness as possible with regard to the overall plot. This is important to capture a picture 
of cocoa production systems as the statistics of the sample plot is extrapolated into those for the 
entire farm. An example of a sample plot is shown in Figure 2.  
Lampung 
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Thirty cocoa trees and all shade trees with DBH larger than 10 cm in a sample plot of 50m × 20m were 
measured for height and diameter at breast height (DBH) based on the methodology by Rügnitz et al. 
(2009). Diameter of cocoa was recorded at 30 cm above the soil surface and at 1.3 m above the soil 
surface for shade trees (DBH). In this sample plot, the data on tree count, species name, age, height 
and DBH were recorded. DBH, height and wood density were used to estimate tree above-ground 
biomass based on allometric equations (Table 1). Wood density was extracted from ICRAF’s Tree 
Functional Attributes and Ecological Database (http://db.worldagroforestry.org//wd). For species not 
listed in the ICRAF database, data was extracted from DRYAD’s Global Wood Density Database (Chave 
et al., 2009; Zanne et al., 2009). The tree biomass of the sample plot is the sum of biomass of all 
measured trees it contains and then extrapolated into per hectare unit (Mg biomass ha-1) for 
comparison purpose. Subsequently, carbon stock (C, Mg t ha-1) was calculated from biomass using a 
conversion factor of 0.47 (IPCC, 2006).  
50 m 
20 m 
Figure 2. An example of a representative sample plot (red rectangle) in terms of cocoa and 
shade tree density. Shorter and taller tree illustrate cocoa and shade trees, respectively. 
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Table 1 List of allometric equations used for above- and below-ground (root) biomass 
estimation. The letters after allometric equations indicate the corresponding shade tree 
species followed by the same letters in Table 2 for which those allometric equations were used 
Tree type  Allometric equation  Reference 
Cocoa  Log AGB = (−1.684 + 2.158 * Log (D30) + 0.892 * Log(H))  CATIE, unpublished 
Fruit trees Log AGB = (−1.11 + 2.64 * Log(DBH)) a  CATIE, unpublished 
Palms  AGB = 4.5+7.7*H b  Frangi and Lugo, 1985 
cited in Hairiah et al., 2001 
Coconut AGB = ((π /4) *(DBH*0.5)2) *H*0.4 c Hairiah et al., 2001 
Banana 
AGB = 0.030*DBH2.13 d  
Arifin, 2001 cited in 
Hairiah et al., 2001 
Rubber AGB = Exp[-3.1426]*[DBH2.69273]] e Rojo etal., 2015 
Other shade trees AGB = 0.0509 * WD*DBH2 * Hf Chave et al., 2005 
AGB: above-ground biomass, kg tree-1; D30, dimeter at 30 cm above soil surface, cm; H, height, m; DBH, 
diameter at breast height, cm; CATIE, Centro Agronómico Tropical de Investigación y Enseñanza; WD, 
wood density, g cm-3; RB, root biomass, kg tree-1. 
Farm typology 
Hierarchical cluster analysis was performed in R with packages “cluster” and “ward” to classify farms 
into groups based on five variables of density of all shade trees other than coconut and banana 
(referred to hereafter as non-coconut shade trees), coconut density, cocoa yield, total crop residues 
and total inorganic fertilizer use. Coconut alone was categorized as a separate group from other shade 
trees because it contributed largely to the total density and carbon stock of shade trees. Banana 
density was not included in the cluster analysis because despite its high density, banana’s contribution 
to carbon stock was modest due to its biological characteristic as a pseudo stem rather than a woody 
one. Coconut density and non-coconut density were included in cluster analysis because of their 
influence on carbon stock. Total inorganic fertilizer use and total crop (both cocoa and shade tree) 
residue were included as variables for cluster analysis because they are important sources of GHG 
emissions. Due to the modest sample size, limiting the number of variables for cluster analysis is 
recommended as shown by the Hopkins statistic and eventually five variables were used in the cluster 
analysis. In this case, limiting the number of variables in the cluster analysis to five follows the 
methodology of  Formann (1984) (in Dolnicar, 2002) and is confirmed by the Hopkins statistic. As such, 
a farm typology was defined based on the farmers’ cropping systems and management practices 
related to inorganic fertilizers and crop residues.  
GHG emission quantification 
For the estimation of GHG emissions, data on cocoa productivity, on-farm input use (organic and 
inorganic fertilizer – type, application rate and application method), crop residue management, soil 
drainage condition, among others, were collected via a semi-structured questionnaire (Annex 1). Soil 
data (texture, pH, soil organic matter) for different locations were provided by Mondelez, for whom 
ICCRI did the soil analysis. Based on these data, the online Cool Farm Tool (CFT) (Hillier et al., 2011; 
CFT: https://www.coolfarmtool.org/) was used to estimate the GHG emissions for the study. CFT has 
been used in various studies to estimate the GHG emissions at farm level such as Gaitán et al. (2016), 
Ortiz-Gonzalo et al. (2017), van Rikxoort et al. (2014), and Vetter et al. (2017). The data related to farm 
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management were collected for the year of 2016 according to the methodology of CFT requiring a full 
calendar year of data. The study was conducted in late April – early May, 2017 so the data for this 
calendar year could not be collected. Deforestation for the purpose of growing cocoa would have a 
strong negative effect on carbon stock, but that is not represented in our sample as most of the 
deforestation happened outside of the twenty-year window, the time period that CFT takes into 
consideration. The CO2 equivalent emissions from each farm systems was converted into amount of 
carbon (C) in order to calculate the net C footprint.  
Results and discussion 
Stand inventory 
Hierarchical cluster analysis was performed on 42 surveyed farms based on six variables of density 
and age of coconut, cocoa, and aggregate shade trees allowed the classification of studied farms into 
three cropping systems with characteristics shown in Table 2.  
Table 2 Inventory of cocoa and shade tree in three different cropping systems: shade density 
and other characteristics based on cluster analysis. For each variable, the figures followed by 
different letters differ significantly. Same letters are not represented for easier reading.  
 Cropping system I Cropping system II Cropping system III 
Number of farms 11 16 15 
Area (ha) 0.6 0.6 0.4 
Number of species 4.2 4.6 4.3 
Cocoa age (years) 14.8 14.9 13.7 
Cocoa yield (kg ha-1 ) 1,111a 538b 670b 
Cocoa density (tree ha-1) 808 794 806 
Fruit density (tree ha-1) 7 6 8 
Coconut density (tree ha-1) 29 33 21 
Banana density (stems ha-1) 51 133 89 
Food/spices density (tree ha-1) 3 8 13 
Legume density (tree ha-1) 48a 14b 14b 
Timber tree density (tree ha-1) 31a 10b 9b 
“Other tree” density (tree ha-1) 22 24 13 
Non-coconut shade tree density (tree ha-1) 111a 63b 57b 
All shade tree excl. banana density (tree ha-1) 140a 96b 77b 
All shade trees density (tree ha-1) 191 229 166 
Total inorganic used (ton ha-1) 0.39a 0.12b 0.53a 
Total crop residue (ton ha-1) 5.28a 1.46c 2.68b 
There are a total of 31 species present across surveyed farms and the number of species in each farm 
is the combination of those species (Table 3).  
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Table 3 Tree species present in studied farms. The superscript letters after shade tree species 
name indicate that the allometric equations followed by the same letters in Table 1 were used  
Fruit tree Timber tree Food/spice tree Legume tree Other trees 
Avocadoa Chinaberryf Medangf Bataif Kapokf 
Duriana Indian rosewoodf Clovef Cassiaf Rubbere 
Guavaa Teakf Nutmegf Leucaenaf Coastal hibiscusf 
Jackfruita Mahoganyf Melinjof Gliricidiaf Sugar palmb 
Langsata Bayurf  Candlenutf Stink beanf   
Matoaa Champakf Jenkolf     
Rambutana Umbrella treef  
 
    
Bananad         
Coconutc         
 
For statistical purposes, these species were categorized into five groups mainly based on their uses 
as shown in Table 3. Also, the classification was based on the similarity in biomass calculation aspect 
in terms of allometric equation used for those groups: a single allometric equation was used for all 
fruit trees while a general allometric equation was used for shade trees with their names absent 
from Table 1. 
 
Figure 3. Density of shade tree species/groups in different cropping systems. The same tree 
species/groups across systems are presented with same color. 
The total density of all shade trees in cropping systems I, II, and III was about 191, 229, and 166 trees 
and banana stems ha-1. But when excluding banana from the analysis, cropping system I had a 
significantly higher density of shade trees (140 trees ha-1) compared to cropping system II, and III 
with 96 and 77 trees ha-1, respectively. The similar trend is found for non-coconut shade tree in 
which the tree densities of cropping systems I, II and III were 111, 63, and 57 trees ha-1, respectively. 
The density of shade species/groups are presented in Figure 3.  
In all cropping systems I, II and III, banana had the highest share of number of plants per hectare, being 
27%, 58%, and 53%, respectively. For the shade groups, legume and timber density in cropping 
systems I were significantly higher than those of cropping systems II and III (Table 2). 
In terms of tree density, dominant shade trees apart from banana in cropping system I were legume 
(25%), timber (16%), and coconut (15%), while those in cropping system II were coconut (15%), other 
tree (11%), and legume (6%), and those in cropping system III were coconut (13%), with legume, 
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food/spice and other tree each accounting for 8% of total non-banana shade trees. The cocoa densities 
of cocoa tree in cropping systems I, II, and III were approximately 808, 794, and 806 trees ha-1. 
In general, the characteristics of each cropping system can be summarized as follows: system I had 
relatively high density of shade trees excluding banana, high density of legume, high density of timber 
and low density of banana; systems II and III had relatively low density of shade trees excluding 
banana, low densities of timber and legume; system II had relatively high density of banana compared 
to the two other systems; systems I and II had relatively high density of coconut compared to system 
III. 
There were no significant differences found in age, DBH or height of either cocoa or shade trees 
between the three systems (Table 4).  
Table 4 Inventory of cocoa and shade tree in three different cropping systems: DBH and height 
of cocoa and shade tree2. Fruit trees are counted excluding banana and coconut.  
 DBH (cm)  Height (m) 
 
Cropping 
system I 
Cropping 
system II 
Cropping 
system III  
Cropping 
system I 
Cropping 
system II 
Cropping 
system III 
Cocoa  13.6 13.5 13.2  4.5 4.3 3.9 
Fruit 9.6 13.1 8.9  5.0 6.0 4.8 
Coconut 9.8 18.5 15.9  4.5 9.9 6.9 
Banana - - -  3.0 2.7 2.9 
Food/Spices 3.3 8.9 9.6  1.8 5.2 5.1 
Legume 14.8 13.5 15.9  8.1 9.7 9.4 
Timber 12.5 11.3 10.6  7.5 6.4 6.9 
Other trees 10.2 14.0 11.4  5.4 9.2 5.6 
 
Carbon stock of cocoa intercropping systems 
Carbon (C) stocks of tree species and types within different cropping systems and their corresponding 
relative contribution to C stock are presented in Table 5 and Figure 4, respectively. The total C stock 
(both cocoa C stock and shade C stock) of systems I, II, and III were approximately 27±13, 31±16, and 
22±12 Mg C ha-1 respectively, in which the total shade tree C stocks were approximately 18±12 (67%), 
23±17 (74%), and 14±11 Mg C ha-1 (64% of total C stock), respectively. That is to say, shade trees 
contribute an important share to the total C stock in all cocoa intercropping systems. Cropping system 
III had relatively lower C stock than the other two systems. Though system II had relatively lower 
density of shade tree excluding banana than that of system I, its C stock was relatively higher than that 
of system I because of the great C stock contribution of coconut of 14 Mg C ha-1. This was attributed 
to the larger density and DBH of coconut in system II than that in system I (Table 4). 
 
                                                            
2 DBH (Diameter at breast height) for cocoa was taken at 30cm above the ground surface, and for shade trees 
at 150cm above the ground surface. 
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Table 5 Average C stock (Mg ha-1) of cocoa and shade trees  
 Cropping system I Cropping system II Cropping system III 
Cocoa 8.7 8.2 8.0 
Fruit (excl. banana and coconut) 1.2 2.1 2.2 
Coconut 9.2 14.0 7.4 
Banana 0.3 0.7 0.4 
Food/spice 0.1 1.2 0.9 
Legume 2.3 0.7 1.3 
Timber 3.9 2.2 0.8 
Other tree 0.8 1.5 0.7 
Total shade 17.8 22.5 13.7 
Total shade and cocoa 26.5 30.8 21.7 
Although banana contributed largest part to total tree density (between one-third to two-
thirds, Figure 3), its contribution to the total C stock of systems was minor at only 0.3 (1.6%), 
0.7 (3.3%) and 0.4 (3.1%) Mg C ha-1 in cropping systems I, II, and III, respectively (Figure 4). 
  
  
  
 
Figure 4. Carbon stock share (%) of different shade species and shade groups of cropping 
system I (a), II (b), and III (c). Fruit trees are counted excluding banana and coconut. 
 
Among all shade tree groupings, coconut contributed most to total shade C stock, at 9.2 (51.7%), 14 
(62.1%), and 9.4 (54.0%) Mg ha-1 in cropping systems I, II, and III, respectively. C stock share of coconut 
were 2.3, 6.2, 3.3 times higher than that of tree groups that had second highest contribution (timber, 
timber and fruit tree, respectively) in cropping system I, II and III, respectively (Figure 4). The density 
of banana plants was 1.5, 4.0, and 3.5 times higher than that of coconut in cropping system I, II, and 
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III but their carbon stock was respectively 32, 19, and 18 times lower than that of coconut. This is 
understandable as banana stem is not woody but only a pseudo stem, therefore their dry biomass and 
thus carbon stock is low. Other shade tree groups that contributed large part to total shade C stock of 
cropping system I were timber (22%) and legume (13%). Those in cropping system II were timber 
(10%), fruit (10%) while those in cropping system III were fruit (16%), and legume (10%). Generally 
speaking across cropping systems coconut, legume, timber, and specially fruit trees (excluding 
banana) were important sources of C stock, accounting for about 80-93% of the total C sequestration 
of shade trees. 
Cocoa and shade tree density and C stock of several cocoa-based agroforestry systems in various 
tropical countries are presented in Table 6. There is a diversity of shade management systems in those 
countries in terms of cocoa and shade tree density and thus the C stock. In general, the C stock of 
cocoa systems in Latin America and Cameroon is higher than those in Indonesia. The carbon stock in 
this study is quite similar to those of other agroforestry systems in West Sulawesi (Swisscontact, 2016) 
and in Nicaragua by Somarriba et al. (2013). However, the cocoa density in this study is similar to those 
in West Sulawesi, Indonesia but the shade tree density is higher, probably due to difference in tree 
species characteristics. 
Table 6 Cocoa and shade tree density and C stock (CS) in several agroforestry systems 
Source Country System 
Cocoa 
density 
Shade 
density 
Cocoa 
yield  Cocoa CS Shade CS Total CS 
Unit: tree ha-1 t ha-1  Unit: Mg C ha-1 
This study Indonesia 
(Lampung) 
Ia 808 191 1.11  8.7 17.8 26.5 
II 794 229 0.54  8.2 22.5 30.8 
III 806 166 0.67  8.0 13.7 21.7 
Swisscontact, 
2016 
Indonesia 
(West 
Sulawesi) 
Ib 768 106 1.24  10.7 16.1 26.8 
II 800 107 1.38  11.3 21.4 32.7 
III 781 144 1.19  10.9 21.3 32.2 
Somarriba et al, 
2013 
Nicaragua Mix of 
different 
systemsc 
562 293 -  9.8 23.7 33.5 
Guatemala 
(Alta 
Verapaz) 
583 225 -  9.6 29.8 39.4 
Honduras 604 222 -  10.5 34.6 45.1 
Schroth et al., 
2014 
Brazil Rustic 
shaded 
872* 0.28  - - 69.0 
Nogrove and 
Hauser, 2013 
Cameroon - 1,477* -  - - 166.8 
Leuschner et al., 
2013 
Indonesia - 1,360* -  - - 31.7 
Jacobi et al., 2014 Bolivia - 921* -  - - 73.3 
Note: a, cf. “farm typology” to see how these three cropping systems were categorized; b, systems I, II, and III 
included respective 1-2, 3-4, and 4-6 shade tree species which were the combination of 10, 15, and 20 species, 
respectively; c, the calculation was done for each of these countries across a mixture of five systems of cocoa 
without shade, cocoa with specialized shade (such as legumes), cocoa with productive shade (coconut, fruit, for 
example), cocoa with mixed shade, and cocoa with rustic shade; d, rustic shade: cocoa cultivated under thinned 
naural forest; *, total density of cocoa and shade trees.  
Banana’s insignificant role in terms of C sequestration despite its dominant share in total shade stem 
density implies that growing banana does not seem an efficient way of C sequestration. Moreover, 
banana is an attractive option for intercropping with cocoa trees in their first 2-3 years of 
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establishment stage to provide shade (Ruf and Schroth, 2015). Certainly, in the three studied districts, 
cocoa trees are already around 14-15 years old and banana plants is no longer providing shade 
(average banana plant height is approximately 1-1.5 m less than that of cocoa as shown in Table 4). 
Therefore, replacing banana plants with other shade tree species seems to be a more efficient way to 
increase C stock of the system.  
Annual carbon stock accumulation 
For the purpose of net C stock calculation, the annual C stock was calculated by dividing total carbon 
stock of each tree, tree groups by their respective average ages, with the growth rate of shade trees 
being considered linear. A simplifying assumption of linear growth rate was assumed in order to avoid 
confounding the differences in the systems due to shade tree ages and due to limited availability of 
species-specific growth rate curves. Results are presented in Figure 5.  
 
Figure 5. Annual carbon stock of cocoa and shade trees across cropping systems 
The incremental annual C stock accumulation of cocoa was similar across cropping systems due to 
similar cocoa planting densities and age. Total incremental C stock per year was larger for shade trees 
in cropping systems I and II, being 3.09 and 3.16 Mg C ha-1 year-1, respectively compared to the value 
of 2.13 Mg C ha-1 year-1 in cropping system III due to their higher total carbon stocks.  
To attain a rough evaluation of carbon sequestration efficiency of tree/plant species, average annual 
incremental rate in CS of each tree/plant species was calculated and shown in Figure 6. To keep it 
simple, fruit tree species were kept in “fruit tree” category. It can be seen that bayur, coconut, fruit 
tree, and West Indian mahogany are the four species that had highest annual incremental CS per year. 
This is the rough estimation because of the varying sample sizes and age of tree groups, as well as 
their growing conditions (light regime, water, nutrients, etc.) which depend on managements of shade 
trees (especially density, pruning practices, for example). Still, this allows somewhat comparison of 
carbon sequestration between tree groups. 
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Figure 6. Average annual incremental rate in CS (kg CS tree-1 year-1) of intercrop species across 
all studied farms. Fruit tree does not include banana and coconut. The bars with the same 
color are of the same intercrop group. 
Carbon footprint 
It can be seen that crop residue was the main attribute to the total GHG emission with the amount of 
4.29 (75%), 0.57 (40%), and 2.50 Mg CO2eq ha-1 (57%) in cropping systems I, II, and III, respectively as 
shown in Figure 8.  
 
Figure 8. Amount of GHG emissions by different sources across cropping systems 
The emission from fertilizer use and soil (background) ranked as second largest GHG emission source. 
The exception was only for cropping system II in which residue and fertilizer application produced 
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similar amount of emissions of 0.57 (40%) and 0.60 Mg CO2eq ha-1 (42%), respectively. This means that 
the residue was the most important source of GHG emission in Lampung. Table 7 summarizes the 
amount of organic and inorganic fertilizers applied, residue produced and its management and GHG 
emissions in studied cropping systems. Farmers in cropping system I, on average applied 0.35 kg 
inorganic fertilizers per kg of dry cocoa bean produced while the figures for those in cropping systems 
II and III were 0.22 kg and 0.79 kg per kg of dry cocoa bean, respectively. GHG emissions measured in 
CO2eq (CO2 equivalent) were largest in cropping system I and III with total emissions being 5.74 Mg 
CO2eq ha-1 and 4.37 Mg CO2eq ha-1, respectively, while that of cropping system II was 1.43 Mg CO2eq ha-
1, respective 4 and 3 times smaller than the other two systems. The average GHG emission per kg of 
dry cocoa bean is presented in Table 8.  
Table 7 Cocoa yield, fertilizer used, residue produced and GHG emission in different cropping 
systems 
Average 
Cropping 
system I* 
Cropping 
system II* 
Cropping 
system III* 
Cocoa yield (t ha-1 ) 1.11a 0.54b 0.67b 
Urea (t ha-1)  0.08ab 0.02b 0.19a 
TSP (t ha-1) 0.03 0.02 0.09 
NPK (t ha-1) 0.28a 0.08b 0.25a 
Total inorganic fertilizer (t ha-1) 0.39a 0.12b 0.53a 
Compost manure(t ha-1) 0.55 0.42 0.41 
Residue as mulch (t ha-1) 1.66 0.86 1.11 
Residue burnt (t ha-1) 0.51 0.08 0.08 
Residue heaped (t ha-1) 2.07a 0.42b 1.45ab 
Residue compost (t ha-1) 1.04 0.10 0.05 
Total residue (t ha-1) 5.28a 1.46c 2.68b 
GHG from residue (Mg CO2eq ha-1) 4.29a 0.57b 2.50a 
GHG from fertilizer production (Mg CO2eq ha-1) 0.46a 0.26b 0.63a 
GHG from fertilizer application/soil (Mg CO2eq ha-1) 1.04ab 0.60b 1.24a 
Total GHG (Mg CO2eq ha-1) 5.74a 1.43b 4.37a 
 Total CH4 (Mg CO2eq ha-1) 3.66a 0.46b 2.25a 
Total CO2 (Mg ha-1) 0.49ab 0.28b 0.75a 
Total N2O (Mg CO2eq ha-1) 1.58a 0.72b 1.44a 
Total GHG (Mg CO2eq ha-1) 5.74a 1.43b 4.37a 
*: Figures followed by the same letter are not statistically different at the level of p <0.05.  
 
Table 8 CO2eq emission per productivity unit (kg CO2eq kg-1 dry cocoa bean) across cropping 
systems 
GHG emission sources/components Cropping system I Cropping system II Cropping system III 
Residue 3.86 1.05 3.73 
Fertilizer production 0.41 0.48 0.94 
Fertilizer application to soil 0.93 1.11 1.85 
Total 5.20 2.65 6.52 
 
The share of total emissions (CO2eq ha-1) and emission amount per kg dry cocoa bean of different GHGs 
is shown in Figure 8 below.  
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Figure 9. Share of total emission by different GHGs (a) and emission amount of GHGs per kg 
dry cocoa bean (b) 
The main GHG emitted during cocoa production was methane (CH4), accounting for 64% and 52% of 
total emissions in systems I and III, respectively. In both systems I and III, N2O was the second leading 
source of GHG emissions, accounting for 28% and 33% of the respective total emissions. Methane is 
primarily produced during the decomposition of crop residues and N2O is produced primarily from 
fertilizer application in soil as well as from residue decomposition. Both CH4 and N2O are important 
GHGs because they have an outsized climate forcing effect of 25 and 298 times higher global warming 
potential than CO2, respectively. Cropping system II has much lower pruning residues and thus a 
relatively smaller share of CO2eq ha-1 emissions from CH4 of only 32%. The leading source of emissions 
for system II is thus from application of fertilizers. The similar trend is observed for the amount of GHG 
emission per kg of cocoa dry bean in which CH4 contributed a highest share of CO2eq as shown in Figure 
9b. 
The contribution of methane from decomposition of residues is not only dependent on quantity of 
residues generated, but also residue treatment method. This is because anaerobic decomposition of 
residues under conditions of limited oxygen will generate higher concentrations of methane. Thus all 
farms were analyzed together to evaluate the relative climate friendliness of each treatment method 
and the results are presented in Table 9. The results showed that with the same amount of residues 
left untreated in heaps or pits produced a significantly high amount of GHG emissions, being about 
25-fold, 22-fold, and 6-fold larger compared to those mulched/incorporated, burnt, or composted as 
shown by their emission factors. Therefore, using residues as mulch or incorporating residues into soil 
is the most climate-friendly method of residue treatment. Burning has a low CO2eq emissions factor, 
but presents other trade-offs such as generation of black carbon, a potentially dangerous climate 
forcing agent in spite of its short life. Composting is also a relatively better option in terms of GHG 
emissions relative to the option of residues left untreated in heap or pits. However, composting has 
an emission factor 4 times and 3.5 times higher than the two former treatment methods, respectively. 
As a result, across all studied farms, residues left untreated in heaps or pits accounted for 72% total 
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GHG emission, 4 times higher than those used as mulch or incorporated into soil (21.4%) in spite of a 
small difference in the amount of residues treated by those two methods.  
The decomposition of residues left untreated in heaps or pits produces two GHG types of CH4 and 
N2O. The study figured out that among the two, CH4 is the main GHG produced, which holds a share 
of up to 86% while N2O takes up the rest 10% of the total GHG emission from this treatment method 
only.  
Table 9 Average amount of residues, emission factor, share of total CO2eq emission when all 
farms were analyzed together 
 
Mulched/ 
Incorpora
ted Burnt 
Untreated 
in heap or 
pits 
Composte
d 
Exported 
off-farm 
Amount of residue (kg) 
(% of total residue amount) 
1,158 
(40%) 
183 
(6%) 
1,219 
(42%) 
329 
(11%) 
790 
(0%)* 
Emission factor (kg CO2eq/kg residue) 0.07 0.08 1.78 0.28 0 
Share of total CO2eq emission (%) 21.4 3.3 72.4 5.8 0 
*: CFT only takes into account on-farm emission and thus residues exported off-farms produces no 
GHG emission 
Farmers in cropping system I, on average produced 5.28 t residue ha-1 year-1, in which 2.07 t were 
left untreated in heaps or pits and the total amount of GHG emissions were 5.74 Mg CO2eq ha-1. In a 
hypothetical scenario in which one ton of residue were composted instead of left untreated in heaps 
or pits, the GHG emissions would have instead been 3.78 Mg CO2eq ha-1, reducing 34% GHG 
emissions.  
Net carbon footprint 
GHG emissions were converted into amount of C equivalent (Ceq) emission for the calculation of net 
carbon stock, which is presented in Table 10. All three cropping systems I, II, and III showed negative 
net Ceq emission of -0.92±1.56, -2.47±1.30 and -0.80±1.16 Mg Ceq ha-1 respectively, meaning that 
production of cocoa has a negative net carbon equivalent emission, i.e., positive net carbon 
sequestration. Cropping system II had the least net C emissions quantity, which was 2.6-fold and 3.1-
fold smaller compared to cropping system I and III, respectively. 
Table 10 Annual C stock, Ceq and net Ceq emissions of studied cropping systems 
 
Cropping 
system I 
Cropping 
system II 
Cropping 
system III 
Annual C stock (Mg C ha-1) 2.49±1.44 2.86±1.24 1.99±0.80 
Ceq emission (Mg Ceq ha-1) 1.57±0.83 0.39±0.28 1.19±0.65 
Net Ceq emission (Mg Ceq ha-1) -0.92±1.56 -2.47±1.30 -0.80±1.16 
Net Ceq emission per unit cocoa bean (kg Ceq kg-1 bean) -0.60±1.28 -5.34±3.71 -1.52±2.03 
 
When it comes to net C emission per unit cocoa, all cropping systems had negative C emission with 
cropping system II having lowest value of -5.34±3.71, which was 8.9 and 3.5 times lower than that of 
cropping system I and III, respectively. These suggest that all studied cropping systems did not have 
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negative impact on the environment but on the contrary provided positive carbon sequestration 
service, especially cropping system II.  
However, the yield of cropping system II is relatively low compared to the two other systems. From 
our data, it can be seen that this cropping system is characterized by relatively low applied inorganic 
fertilizers of 120 kg ha-1 (Table 7), which was 3.3- and 4.4-fold less than that of cropping system I and 
III, respectively. This suggests that an appropriate amount of additional inorganic fertilizers can be 
applied to improve cocoa yield while still keeping the net C emission negative, especially if the 
treatment method of residues change from being left in heap or pits to being left as mulch or 
composted.  
For comparison purpose, taking cropping system III as an example of fertilizer application: for one 
hectare of cocoa, this systems used a total amount of inorganic fertilizers 410 kg ha-1 more than system 
II and produced an amount of GHG emissions from this kind of input (production and application/soil), 
which is 1.01 Mg CO2eq more than that of cropping system II. For one hectare of cocoa, if farmers in 
cropping system II used 410 kg inorganic fertilizers more with same types and rates as in cropping 
system III, they would produce an extra amount of 1.01 Mg CO2eq (or 0.51 Ceq GHG emission), resulting 
in a net C emission of -2.26 Mg Ceq ha-1, which is still low.  
 
 
Figure 10. Cocoa yield, inorganic fertilizer use and total shade without banana across studied 
farms 
Conclusions 
Shade tree management 
As banana, a plant with pseudo stem is not an efficient plant that could provide mature cocoa trees 
with proper shade, replacing banana with woody shade trees could contribute to increase C stock 
significantly. The choice of shade tree species is of the important concern. There are several factors 
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that affect farmer’s choice of shade tree, for example location, ethnic group, market access, income 
level, and social network effects as shown by Gyau et al. (2015).  
From the angles of carbon sequestration efficiency as discussed above in “Annual carbon stock 
accumulation” session, bayur, coconut, fruit tree, and West Indian mahogany appear to be potentially 
efficient for carbon sequestration. As coconut has already been quite abundantly grown, other shade 
trees are encouraged to be selected to diversify the system and thus income and reduce income loss 
risks. To this end, shade tree species such as leguminous trees of leucaena, stink bean or gliricidia 
might be good choices to be considered. Those legumes could both provide shade for cocoa and help 
improve soil fertility through nitrogen fixing capacity, which returns nutrients to the soil via 
decomposition process of pruned residues. Fruit trees other than banana and coconut such as durian 
can be also taken into consideration due to their high economic value.  
Planting density should be evaluated as the distribution of existing shade trees are not very uniform. 
According to the study by Koko et al. (2013), the appropriate planting density of avocado trees for the 
optimal light regime for cocoa development is 15 m × 15 m (about 44 tree ha-1) with cocoa trees grown 
at 3 m × 3 m (about 1,100 trees ha-1). For a farm with the same cocoa density, Osei-Bonsu et al. (2002) 
suggested a planting density of 10 m × 10 m for the case of coconut as a shade trees in an agroforestry 
system. A high density of legume or timber trees of 278 trees ha-1 (6 m × 6 m, Somarriba and Beer, 
2011) can also be implemented along with heavy pruning, though this has the disadvantage of being 
more labor intensive.  
Often, the studied cocoa farms are already well-established and replacing banana plants by tall shade 
trees into those farms is necessary so as for those shade trees to grow well besides mature cocoa 
trees.  
Residue management 
It is highly recommended that crop residues are left as mulch, incorporated into soil or composted 
instead of leaving in heaps or pits to reduce the amount of N2O and CH4 emitted. Mulch made of 
residue will help keep soil moist, hinder the development of weeds and gradually returns nutrients to 
soil through its decomposition by soil micro-organisms. Composting of cocoa pod husk in particular is 
encouraged to be implemented as besides keeping the GHG emissions low, the compost produced is 
a valuable soil additive that can improve the performance of inorganic fertilizers. This is also an 
effective way of recycling nutrients that are removed from trees in the form of fruits, avoiding nutrient 
imbalance in the long term. Homemade effective micro-organism products can be applied together 
with cocoa pod husk to facilitate the composting process. Burning residues on field in general should 
be avoided given the high global warming potential and risk of damages to the farm.  
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Annex 1: Questionnaire for carbon footprint 
Introduction: 
 In order to complete the carbon assessment work, we will have two teams collecting information 
at two points: 
1. This questionnaire, which will take approximately 30 minutes 
2. Field measurements, which will measure a 50m x 20m sample plot and count the tree species 
and ages within that plot. The field measurement team will need your help to identify the age 
of the trees. 
 For this we will need to speak to the household member who knows the most about cocoa 
cultivation practices such as pests and diseases, amounts and types of agrichemicals used, etc. 
 Please read and sign the informed consent form below before proceeding: 
We are here to conduct a study about cocoa production in the region. We would like to ask you a 
series of questions which will take approximately 30 minutes of your time. Your opinion is very 
important to us. Participation is voluntary, and if you are not willing or able to participate, please let 
us know. Your records will be kept confidential, and no personally identifiable information will be 
released to anyone (government or other). Your name is recorded only so we can contact you again 
if necessary. In the final report your name will be removed and your identity kept private. This 
research seeks to estimate the potential for cocoa systems to store or reduce carbon emissions. 
Hence, the researchers are requesting some socio-demographic information, description of farming 
practices and would like to count and measure a sample of some cocoa and shade trees in your 
cocoa farm. You may withdraw from this survey at any time, or refuse to answer specific questions. 
You reserve the right to request a summary of the results of the survey after the study is complete. 
These information will be used for the purpose of research; your answer will not affect your 
benefits. Please sign if you agree to participate in this interview. Thank you for your participation. 
  2017 
DD MM YYYY 
 
Signature 
 
 Please help us to determine which plot to focus on. If more than one plot is used for cocoa 
production, can you please show us to the plot that is located closest to your house? 
 Though you may have several cocoa plots, this questionnaire will always refer to the activities, 
inputs and outputs of the same cocoa plot that is being assessed by the field measurement team 
(the one closest to the house) 
 Please note that all questions should be answered with regard to the last full calendar year only 
(2016) 
 23 
 We will collect your responses to the questions in written form as well as with an audio recorder 
in case we miss some information and need to refer back to this interview in future. 
 Do you have any questions before we begin? 
Date: Begin time: End time: 
District: Sub-district: Village: 
Interviewer: Interviewee: Gender:  Female___     Male___ 
Age: Ethnic Group: Religion: 
Remarks on interview situation / 
observations 
 
 
I. PLOT AND CROP INFORMATION 
COCOA PLOT ESTABLISHMENT 
What is the area of the cocoa plot in question? (ha)  _________ 
When did you acquire this land? (year) ______________________________ 
How was the land for this plot acquired (either by respondent or previous generations)? 
__________________________________________________________________ 
What was this land used for before you acquired the land?  
a. fallow land 
b. maize 
c. rubber 
d. forest 
e. grassland 
f. paddy 
g. home vegetable garden 
h. coffee 
i. other (please specify) ______________  
 
 what do you grow in time b/w land acquisition and cocoa growing? 
Year of planting current cocoa trees? (year) _______ 
What is the current total number of cocoa trees in this plot (excluding dead trees)? ___________ 
Distance between trees on this plot? (m) ______________ 
Of those cocoa trees, have you replanted any of them?  No____ Yes____ and in year________ 
If YES, how many replanted trees (number)? ____  Or if count not known, what percentage of total 
tree number got replanted? (%)_______ 
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Do you know how much cocoa bean you sold in total in 2016? (kg) _____________ 
How many days did you dry the beans before selling? (days) _______________ 
 
ACCOMPANIED CROPS 
This information is very important for the carbon stock calculation. Please ask the respondent to give 
estimates. If they have trouble answering any of the questions, it might help to accompany the 
farmer to the cocoa plot and ask them to identify the species and age of specific trees.  
 
 Do you plant non-cocoa trees in between cocoa trees in this plot? No _______  Yes_____  
Provide details about each kind of shade tree in the following table (If the respondent does not know 
the name, please ask for broader classification (leguminous trees, hardwood, softwood trees…) 
 
 
SOIL MOISTURE AND DRAINAGE 
“Moist” soils are those (including irrigated soils) without any significant water constraints. “Dry” 
condition refers to the case when water is limited during significant periods of the growing season.  
 
What was the general soil moisture condition of this plot in 2016?  Moist_____ Dry______  
What are the general drainage conditions of this plot?  Good_____ Poor______ 
If the respondent has a difficult time answering the above question, please ask the below. Otherwise 
skip to next section. 
Alternatively, when the plot is flooded after heavy rainfall events, how many hours does it take for 
the water to drain so the plot is no longer flooded? (hours) ______________  
 
 
 
Order Name Age  
1   
2   
3   
4   
5   
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II. FIELD TREATMENTS 
CROP RESIDUES  
Residue is plant matter from crop production that is not used as a sellable product. Please provide 
estimate for each kind of residue from the study plot only. DRY WEIGHT should be asked, if the 
respondent cannot provide dry weight, ask for fresh weight, then. Please note down if it is dry or 
fresh weight. 
 
*Code for residue treatment method  
1 = left on field as much or incorporated into soil                            2 = Burned                 3 = left untreated in heaps or pits 
4 = stacked, covered and treated (e.g., with EM) to make compost    5 = stacked, not covered and treated to make compost 
6 = exported off farm (sold, give to others…) 
 
 
In 2016, did you prune any of your cocoa and/or shade trees? No_____ Yes______ 
How often did you prune shade trees? _________________________________ 
Shade trees 
Pruning round Weight (kg)/volume (m3) Fresh (F) or Dry (D) weight? Treatment method* 
1    
2    
3    
 
How often did you do a massive pruning of cocoa trees? ____________________ 
How often did you do a maintenance pruning of cocoa trees? ____________________ 
How often did you do a light pruning of cocoa trees? ____________________________ 
Please provide details about pruning residues in the table below: 
Cocoa 
Type of pruning 
round 
Typical Weight (kg)/volume 
(m3) 
Fresh (F) or Dry (D) weight? Treatment method* 
Massive    
Maintenance    
Light    
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OTHER RESIDUES FROM WEEDS AND COCOA 
In 2016, how often did you manually weed your study plot?____________________ 
In 2016, how often did you use herbicides in your study plot? ____________________ 
When you weed manually, what treatment method do you use for the weed residues? 
____________ 
In 2016, where did you usually separate the cocoa beans from the pod husks? 
On the study plot 
At home 
Other _____________________ 
 
In 2016, how much of cocoa pod husk do you think you generated from the study plot? (kg dry 
weight)________    Or if the farmer does not know (kg fresh weight) ________ 
 
INORGANIC FERTILIZER USE 
Correctly identifying the type and quantity of fertilizer is very important. If the respondent does not 
remember the name, you may like to ask him/her to show you the bag. Please remember to specify 
that amounts should be those used only on the study plot in 2016. 
 
*Code for application method:  
1 = broadcast                        2 = incorporate into soil          3 = apply in solution            4 = others, please specify 
 
In 2016, did you use inorganic fertilizers?  No _______  Yes_______ 
If YES, please provide the details in the table below: 
Please indicate fertilizer 
dosage in each month 
(bags) 
How many 
times per 
year? 
Which 
month? 
(list) 
Total 
applied in 
2016 (kg) 
Application 
method* 
 
Price (IDR 
/ unit)  
Please 
indicate 
unit (e.g. 
50 kg bag) 
Subsidized 
price? 
Urea        
SA (Ammonium 
Sulphate) 
       
Fused Calcium 
Magnesium Phosphate 
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Triple super phosphate        
Ammonium phosphate        
KCl        
NPK (list ratio):  
 
       
Lime        
Other 1 (specify):  
 
       
Other 2 (specify): 
 
       
Other 3 (specify): 
 
       
 
Have you ever had to delay fertilizer purchases in order to access subsidized fertilizers?  
No _______  Yes_______ 
If YES, how long did you have to wait? (weeks) _______________________ 
 
ORGANIC FERTILIZER USE 
For organic fertilizer, please ask about DRY WEIGHT. If the respondent cannot provide dry weight, ask 
for fresh weight. Note down if it is dry or fresh weight. Please remember to specify that amounts 
should be those used only on the study plot in 2016. 
 
In 2016, did you use organic fertilizers?  No _______   Yes_______ 
If YES, please provide the details in the table below: 
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*Code for application method:  
1 = broadcast                        2 = incorporate into soil          3 = apply in solution            4 = others, please specify 
 
Organic fertilizer 
name 
Total quantity used 
per year  
Unit of quantity (kg 
or m3) 
Fresh (F) or Dry (D) 
weight? 
Application 
method* 
On-farm compost     
Bought compost     
Cattle manure     
Poultry manure     
Other:_________     
 
PESTICIDES, HERBICIDES AND FUNGICIDES 
Correctly identifying the type and quantity of plant protection products used is very important. If the 
respondent does not remember the name, you may like to ask him/her to show you the bag or bottle. 
Please remember to specify that amounts should be those used only on the study plot in 2016. 
 
In 2016, did you use organic fertilizers?  No _______  Yes_______ 
3.9 If YES, please provide the details in the table below: 
Plant protection product (name) Total quantity used per year Unit (g or ml) 
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III. ENERGY AND FUEL USE 
 
ENERGY USE IN 2016 
In 2016, was there any energy or fuel used for weeding or spraying herbicides on the study plot? If 
yes, please describe fuel source and estimate amount used ____________________ 
In 2016, was there any energy or fuel used for pruning on the study plot? If yes, please describe fuel 
source and estimate amount used ___________________ 
In 2016, was there any other activity that used energy or fuel on the study plot? If yes, please 
describe fuel source and estimate amount used ____________________ 
 
TRANSPORT IN 2016 
The transport of all inputs (e.g. fertilizers, pesticides, diesel, etc) to farms and outputs (fresh cocoa 
pods and dried beans) to home or point of sale using motorized vehicles should be considered.  
 
In 2016, how many times did you travel to the shop to carry back inorganic fertilizers? (count times) 
__________ 
In 2016, how many times did you travel to the shop to carry back organic fertilizers? (count times) 
__________ 
In 2016, how many times did you travel to the shop to carry back pesticides, herbicides or 
fungicides? (count times) __________ 
In 2016, how many times did you travel to the fuel station to carry back petrol or diesel fuel? (count 
times) ____________ 
In 2016, how many times did you carry cocoa pods from your farm to your home? (count times) 
_____________ 
In 2016, how many times did you carry cocoa pods from where it was dried to the point of sale? 
(count times) ____________________ 
 
Please provide the details in the table below: 
*Code for “Vehicles used:         1 = motorbike         2 = small truck            3 = big truck            4 
= tractor 
 
Goods transported 
(code from question 
above) 
Vehicles used* Distance of travel for one way only 
(km) 
10.1.   
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10.2.   
10.3.   
10.4.   
10.5.   
10.6.   
 
---------- 
Is there currently forest near the cocoa plot? If yes, continue to following page, if no, end survey 
here. 
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---------- 
DEFORESTATION DRIVERS 
All following questions are related to the cacao cultivation garden and surrounding areas. 
1. Have you ever had to clear some of the forests around your plot? Yes____  No_____ 
  
2. If YES, why did you decide to clear some of the forest?  
a. Extraction of wood for sale 
b. Extraction of wood for domestic use 
c. Extraction of timber to build structures on the farm (pens, stables, etc.) 
d. Establishment of cacao cultivation 
e. Establishment of other crop (specify) ____________________________ 
f. Other reason (specify) ________________________________________ 
  
3. If NO, why do you decide to keep it? 
a. To protect the water source 
b. To have shade / freshness (men) 
c. To have shade / freshness (animals) 
d. To hunt 
e. To collect fruits 
f. To receive subsidies 
g. For the reserve of money (timber, animals) 
h. To reserve for construction 
i. To protect the environment 
j. To pass down to your children / grandchildren 
k. Other (specify) ______________________________________________ 
 
4. Have you ever reforested your farm (not including oil palm, rubber)?  
a. Yes 
b. No 
 
5. If yes, with what species did you reforest? _______________________________ 
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6. Why did you reforest your farm?  
a. Government Reforestation Program 
b. Non-governmental reforestation program 
c. To establish forest plantation 
d. To protect the water from the ravine 
e. For the health of animals 
f. To protect crops from different pests 
g. To avoid soil erosion 
h. To provide shade 
i. For the conservation of nature 
j. For the future of my children 
k. Other (specify) _______________________________________________ 
